Introduction
Because of their unique physical, mechanical, and tribological properties, carbon-based lms have been used as solid lubricants in a broad range of applications from microelectromechanical systems (MEMS) to macro-scale mechanical components, and they have attracted much attention from academic and industrial researchers. [1] [2] [3] The design of carbonbased lms with superlubricity and the study of their tribological mechanisms have been popular research topics. 4, 5 The different preparation methods and deposition conditions used to form amorphous carbon lms lead to different atomic bond congurations (e.g., C-H, C-C, sp 2 , or sp 3 ) and different bond proportions in these lms, which further determine the differences in their physical and chemical properties. 6 Depending on its hydrogen content, amorphous carbon lm can be divided into two main categories as either hydrogen-free diamond-like carbon (DLC) lm (e.g., ta-C and a-C) or hydrogenated DLC lm (e.g., a-C:H and ta-C:H). 3, 6 Because of the structural diversity of carbon-based lms and the sensitivity of their tribological behavior to test conditions (e.g., environmental atmosphere), the current understanding of their friction mechanism is limited, restricting their use in practical applications. 5, 7 In order to determine the tribological behavior of amorphous carbon lms, researchers have examined the effects of friction conditions (e.g., environmental atmosphere, friction pair materials, applied load, and sliding speed) on the tribological and wear behaviors of amorphous carbon lms.
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Scholars have proposed some lubrication mechanisms for carbon-based lms that are based on different phenomena, including friction-induced graphitization mechanism, [18] [19] [20] localized shear mechanism, [21] [22] [23] and passivation mechanism (saturation of dangling carbon bonds at the sliding interface with passivating species).
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In the graphitization mechanism, a "graphitization" transfer layer forms at the sliding interface. In this theory, the graphitization transition that is induced by an increase in friction temperature determines the lm's friction, and the formation of a transfer layer with a low shear stress is the primary cause of low-friction behavior in carbon lms. [18] [19] [20] In fact, the intrinsic chemical composition of the transfer layer determines the carbon lm's tribological behavior rather than the graphitization characteristics of the transfer layer. 15, 30 Recent studies have challenged this traditional mechanism in which graphitization leads to low friction. 14, 31, 32 In the localized shear mechanism, ultra-low friction is achieved when there is a strong phase transition in a very thin local regions at the sliding interface and a high localized shear stress. [21] [22] [23] However, during contact and shear stress, the carbon phase transition inevitably occurs at the sliding interface. Since sp 2 carbon is relatively so and has a low shear strength, rehybridization occurs at the sliding interface during high-stress friction processes through the complicated atomic interactions and rearrangements that accompany bond breaking. 27, 33 Currently, the surface passivation mechanism is the most widely accepted.
For hydrogen-free DLC lm with a relatively simple chemical composition has simpler tribological behavior that involves a less controversial mechanism. In these systems, tribological behavior is mainly determined by dangling surface bonds. In vacuum or an inert atmosphere, the dangling surface bonds of hydrogen-free DLC lm act as a strong adhesive at the friction interface, leading to very high coefficient of friction (COF) of up to 0.4 or more. 12, 26 In high humidity environments, water and O 2 molecules effectively eliminate dangling surface bonds, reducing the COF.
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However, the structures of hydrogenated DLC lms are more complicated and exhibit more unique tribological behaviors due to the addition of hydrogen. The friction behaviors of a-C:H lms are highly atmosphere dependent. Overall, the tribological behaviors of a-C:H lms are determined by the synergistic effects of the lm's internal structures and the external factors related to the tribological test conditions. The lm's hydrogen content plays a decisive role in determining its tribological behavior, and lms with higher hydrogen contents usually exhibit superior tribological properties. 8, 34 In dry N 2 gas atmosphere, a-C:H lm can more easily achieve a low COF even superlubricity. 14, 33, 35, 36 For example, the a-C:H lm prepared by Argone National Laboratory has an extremely low COF (0.003) and a very long wear life, exhibiting no failure aer 32 days of continuous sliding.
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Hydrogen plays an important role in determining the tribological properties of a-C:H lm. Hydrogen can have the following effects on the internal structure of a-C:H lm. 24 (1) a-C:H containing ample hydrogen in their interiors and on their surfaces have little or no dangling s bonds, which can cause strong adhesion during sliding. Since surfaces containing C-H bonds are chemically inert, adhesion is avoided between the lm's surface and its counterpart (or between the lm's surface and the surface of the transfer layer). Meanwhile, unbound hydrogen atoms or molecules can eliminate the s bonds formed by thermal desorption or mechanical effects, reducing the adhesion between the lm and its counterpart and leading to a lower COF. (2) Partial carbon atoms (or carbon atoms at the lm's surface) can become di-hydrogenated such that each surface carbon chemically bonds with two hydrogen atoms. Dihydrogenated carbon increases the surface's hydrogen density and better protects or passivates the surface, resulting in ultralow friction.
Obviously, these mechanisms only include contributions from the internal structure of a-C:H on the lm's tribological behavior while ignoring the effect of the atmosphere. According to this standard interpretation, a-C:H lms should display the same tribological behaviors in inert environment (dry N 2 , dry Ar, or ultra-high vacuum).
Materials and methods

Deposition of a-C:H lms
The a-C:H lms about 0.5 mm thick were deposited on Si (100) wafers and steel ball by a plasma enhanced chemical vapor deposition (PECVD) technique, using CH 4 plus H 2 as the feedstock. A base pressure of 3.0 Â 10 À3 Pa was attained in the chamber with a turbomolecular pumping system. Prior to deposition, the substrates were cleaned with Ar plasma sputtering at a bias voltage of À400 V for 15 min so as to remove the native oxide on the Si surface or steel ball. Then the source gases were introduced into the deposition chamber and the formation of a-C:H lms was commenced. Typical gas pressure during the lm deposition was 5 Pa, and RF power was 100 W. The deposition conditions of a-C:H are as follows: (1) 
Friction tests
The friction and wear behaviors of the resulting lms sliding against a-C:H coated steel balls and uncoated Si 3 N 4 balls (diameter 4 mm, density 3.2 g mm À3 , hardness 1400-1700 GPa, surface roughness 0.025-0.032 mm) were evaluated on a ballon-disk test rig equipped with an environmental chamber with which the relative humidity and gaseous environment could be controlled. The friction tests were performed in dry N 2 , dry Ar and vacuum, respectively, at a normal load of 2 N, a sliding velocity of about 125 m min
À1
, to a maximum sliding duration of 60 min.
Model construction and calculations
A single diamond cubic unit cell has ve layers of carbon atoms along its z-axis. In order to simplify the model, three adjacent layers of carbon atoms, including the (001) plane, were selected. Since carbon atoms in the (001) plane contain two dangling bonds, a reconstruction was needed to improve the structure of the (001) surface. By connecting adjacent atoms with single bonds and adjusting the bond length to 1.60Å, the carbon atoms on the (001) plane were limited to a single dangling bond. The bond length between the rst and second layers of carbon atoms in the model was 1.61Å. Bond lengths of 1.60Å and 1.61 A were selected so that the surface reconstruction formed C-C single bonds with similar lengths in the rst and second layers. The single bond length between the second and third layer of carbon atoms in the model was 1.54Å, which was consistent with the standard bond length of diamond. All dangling carbon bonds were saturated with hydrogen atoms such that the nal model was composed of 40 carbon atoms and 52 hydrogen atoms. Since the model was relatively large and full optimization for this kind of model usually leads to severe deformation, the model was optimized locally with Gaussian 98. Only the hydrogen atoms bonded to carbon atoms at the (001) surface were optimized, leading to a hydrocarbon bond length of 1.08Å. The congurations of the remaining model remained unchanged. B3LYP/6-31G* was used to calculate one-point energies. The energy of the hydrogen-saturated model surface was obtained. The other models used the same calculation method and basis set.
Results and discussion
Tribological behaviors of a-C:H lm
As we all known, the tribological behaviors of a-C:H lm are much different in dry N 2 , dry Ar, or ultra-high vacuum (Table 1 ). a-C:H lm is known to maintain long-term superlubricity in dry N 2 gas environments, while it has a very short wear life under ultra-high vacuum. For example, the a-C:H lm deposited by Fontaine displayed a wear life of only 500 times under ultrahigh vacuum. 34 Wang et al. reported similar results, and their a-C:H lm had a very high COF (0.65) and a very short wear life (100 s) at 0.05 Pa. However, the lm's COF was drastically reduced to 0.012 in a N 2 gas environment at 100 Pa.
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The lubrication failure of a-C:H lms in ultra-high vacuum is commonly believed to result from the generation of dangling surface bonds by the desorption of surface hydrogen.
8 Under friction, the generated hydrocarbon compound can transfer to the surface of counterpart, effectively reducing the resistance to sliding. However, the hydrogen content of a-C:H lm gradually decreases, because of the continuous loss of hydrogen atoms. An insufficient C-H layer remains to provide a lubrication effect and avoid adhesion between the lm and its counterpart, allowing cold welding to occur between the layers. This results in lubricant failure and the very short wear lives of a-C:H lms. N 2 is believed to has two primary effects on the sliding surface that are related its chemical inertness. Decreasing the partial pressures of O 2 and water vapor does not impact the formation of a stable hydrocarbon polymer-like layer between the friction interfaces, as has been previously conrmed. 41, 42 (2) Passivation the carbon dangling bonds due to the loss of hydrogen atoms during friction process, and prevent chemical interactions between the surface and its counterpart, which can retard chemical interactions between the surface and its counterpart. During friction, the surface's C-H bonds are broken and dangling carbon bonds are formed. N 2 combines with these dangling carbon bonds and prevents the formation of dangling surface bonds, maintaining the surface's ultra-low COF and wear life.
However, it seems that the aforementioned explanations require additional consideration. First, the bond energy of C-H is higher than that of C-C, indicating the higher chemical stability of the C-H bond. This has been shown experimentally by the inability to break C-H bonds below 700 C. 24, 45 Therefore, it is unlikely that C-H bonds are broken on the surface of a-C:H lms that are under friction (usually below 700 C). Moreover, according to the above explanation, hydrogen-free carbon lms (e.g., a-C and ta-C) should have a low COFs in dry N 2 gas environments. This is because the three carbon bonds in a hydrogen-free carbon lm can form s bonds with adjacent carbon atoms, but the fourth bond is free and present on the surface. Therefore, the free bonds become saturated with H 2 O and O 2 in air, forming dangling carbon bonds on the surface due to desorption of these adsorbed substances during friction processes. 24 Assuming the above explanation is correct, N 2 molecules can also combine with these dangling carbon bonds, reducing the surface energy of the lm and further decreasing the COF. However, a-C and ta-C lms have very high and unstable COFs in dry N 2 gas environments. 27 Therefore, these explanations are called into question.
In addition, although Ar and N 2 are both chemically inert, the tribological behaviors of a-C:H lms are different in these two atmospheres. 33, 35, 44 Usually, a-C:H lms have higher COFs in dry Ar gas environment (Table 1) . Fontaine et al. found that the wear life of a-C:H lm under vacuum is very short, only 40 times. Ar gas environments do not obvious improve the tribological behaviors of a-C:H lms, and the wear life of a-C:H lm in Ar gas environment at 1 kPa is only approximately 270 times. 34 Ji et al. prepared a-C:H lm containing many sp 2 -hybridized carbon rings. This lm had a COF of 0.005 to 0.006 in dry N 2 gas atmosphere, lower than that in Ar gas atmosphere (0.01). Additionally, the lm's wear life is much lower in Ar gas atmosphere than in dry N 2 gas atmosphere. 35 These observations indicate that the tribological behaviors of a-C:H lm are very similar in Ar gas atmosphere and under vacuum. Both environments produce very short wear lives. The COF of a-C:H:Si in N 2 gas atmosphere can be as low as 0.001, while it is as high as 0.016 in Ar gas atmosphere. 33 Clearly, these experimental observations are not explained by the existing tribological mechanisms. Our experiments were similar with the reported tribological behavior of a-C:H lm (Fig. 1) . The lm displays stable and super-low friction in dry N 2 gas environments, the average COF is about 0.005, while the COF is higher in dry Ar gas than in dry N 2 gas, the average COF is about 0.026 in dry Ar gas. However, the lm shows much high and unstable friction in vacuum, the average COF is about 0.172.
Sliding speed also greatly affects the COF of a-C:H lm. Heimberg et al. studied the effect of sliding speed on the run-in stage (the rst 20 times) tribological behavior of a-C:H lm in N 2 gas atmosphere. Sliding speed determines the exposure time of the wear surface to the atmosphere. When the exposure time is changed, a-C:H lm's ultra-low friction can be maintained, suppressed, and recovered, 46 indicating that N 2 physically interacts with the surface of the a-C:H lm and forms a physically adsorbed layer. Since the surface of a-C:H lm is known to be composed of C-H bonds, N 2 molecules must physically adsorb to these surface C-H bonds. Even if the adsorbed N 2 layer desorbs under mechanical shear during sliding, other N 2 molecules can take their place and form a newly adsorbed layer, further altering the tribological behavior of the a-C:H lm. Following this hypothesis, Ji et al. investigated the effect of exposure time on the friction properties of a-C:H lms in three different atmospheres (dry N 2 , CO 2 , and Ar). 35 They found that the COFs of a-C:H lms in dry N 2 and CO 2 followed the same variation rule with exposure time such that an increase in exposure time caused the COF to rst decrease and then increase. However, the COF of the a-C:H lm in dry Ar gas atmosphere was almost unaffected by exposure time, 35 similar to the results reported by Fontaine.
These phenomena indicate that different gases have different effects on adsorption at the surfaces of a-C:H lms. N 2 and CO 2 are adsorbed rapidly on the surfaces of a-C:H lms, allowing them to participate in tribochemical reactions and further affect the tribological behavior of the lms. However, Ar hardly adsorbs on the surface of a-C:H lms, making the lm's tribological behavior similar in both Ar and under vacuum. Ar has only a very limited effect on the lm's tribological behavior.
Hydrogen bond-like mechanism
These studies clearly indicate that interactions at the gas-solid interfaces of a-C:H lms can occur during friction processes, and these interactions are the main cause of uctuations in tribological behavior. However, most studies have only examined the tribophysical and tribochemical reactions occurring during friction processes and have ignored the characteristics and electronic properties of the environmental gas molecules (N 2 , Ar, etc.). Overlooking these features has limited our understanding of the friction mechanisms of a-C:H lms. It is important to understand why Ar is not adsorbed on a-C:H lm's surface while N 2 , a different inert gas, is easily adsorbed on the same lm. It is also unclear why the adsorption of N 2 signi-cantly reduces the COF of a-C:H lm. Unfortunately, existing tribological mechanisms do not explain these phenomena. To solve these problems, we accounted for the properties of the environmental molecules, such as their internal electronic structure, their electronegativity, the surface bonding state of a-C:H lm, and synergistic effects between these factors.
As discussed above, the surface of a-C:H lm is mainly composed of C-H passivated bonds in which an electron from hydrogen combines with an electron from carbon to form a covalent C-H bond. 24 However, carbon is more electronegative than hydrogen, causing the bonded electron pairs between carbon and hydrogen to be closer to the carbon atom. The migration of bonded electron pairs results in a nearly empty electron orbital on the hydrogen atom, which is in an electrondecient state, and easy to form hydrogen bonds with multielectron atom or group of atoms.
As we known, a N 2 molecule contains two nitrogen atoms. In its electronic structure, nitrogen contains three pairs of electrons that contribute to forming chemical bonds, two p bonds and one s bond. Therefore, each nitrogen atom has a pair of unbonded electrons (:N^N:) (Fig. 2) . However, nitrogen is very electronegative. When N 2 molecules get close to the surface of a-C:H lm, charge attraction occurs between the hydrogen atoms in the surface's C-H bonds and the electronegative N 2 molecules. In other words, a lone electron pair of the N 2 molecule interacts with the empty orbital of the bonded hydrogen atom, thus forming a mutual interaction (i.e. -C-H/:N^N:). This effect is similar to hydrogen bonding between water molecules (Fig. 2) . Hydrogen bonds are usually weak interactions between electron-decient hydrogen atoms and electron-rich atoms or group of atoms which are typically weaker than chemical bonds but stronger than intermolecular forces (van der Waals forces). Therefore, N 2 molecules can easily adsorb on the surface of a-C:H lm. This adsorption is relatively weak, allowing shear stress during the friction process to cause N 2 desorption.
Electronic interactions mechanism
Although N 2 molecules are easily adsorbed on the surfaces of a-C:H lms, it remains unclear why the adsorption of N 2 signi-cantly reduces the lms' COFs. To illustrate the problem, it is helpful to consider the electronic structure of N 2 molecule. As mentioned above, a lone pair of electrons can interact with the hydrogen atoms at the surface of a-C:H lm, causing adsorption effects that are similar to hydrogen bonds. In this case, the other lone pair of electrons remains. For the self-mated sliding of a-C:H lm in N 2 gas atmosphere, the lm and its counterpart both adsorb a layer of N 2 molecules (Fig. 2) . As the two surfaces move close to each other, the lone pairs of electrons are near each other as well. The interaction between lone pairs of electrons leads to dipole interactions between the contacting surface, which increase the electrostatic repulsion between the contacting surfaces (Fig. 2) . This electrostatic repulsion results in the super-low friction of the a-C:H lm in dry N 2 gas environment (Fig. 2) .
However, no gas molecules are adsorbed under ultra-high vacuum, eliminating this source of electrostatic repulsion. Because of this, a-C:H lms have higher COFs under ultra-high vacuum. For Ar molecule, which is composed of a single Ar atom with a saturated outer electronic orbital and a stable electron cloud structure. Therefore, electrons from an Ar molecule do not interact with those in the surface of an a-C:H lm, limiting the adsorption of Ar on the surfaces of a-C:H lms. A small amount of Ar might adsorb on the surface of a-C:H lm through van der Waals forces, but electrostatic repulsion does not occur between the two adsorption layers because of Ar's stable electron cloud structure. So the Ar gas environment is similar to vacuum. The major difference between these two environments is their thermal conductivities. Under ultrahigh vacuum, the temperatures of the contacting surfaces are approximately 100-200 C higher than in dry inert gas atmosphere, 44 perhaps causing the shorter wear life of a-C:H lms under ultra-high vacuum than in dry Ar gas environments.
Although the COF of a-C:H lm sliding against other material (e.g., Fe, Al 2 O 3 , Si 3 N 4 , or SiC) is relatively high compared to that of self-mated sliding, the effect of the environmental atmosphere on the tribological behavior of a-C:H lm is the same under these different conditions, please see our previous works [47] [48] [49] [50] [51] [52] i.e., the COF is lower in dry N 2 gas than in other atmospheres (Fig. 3) . The wear track is deep and wide, indicating heavy adhesive wear was happened during sliding under vacuum. This clear shows that the effect of the atmosphere is not dependent on the counterpart's material.
Since a-C:H is a polymer-like hydrocarbon compound, it contains weak bonds ($8 kJ mol À1 ) between its hydrogenated carbon chains. 53 Therefore, the polymer-like a-C:H easily transfers to the surface of the counterpart during the friction process and forms a transfer layer. Erdemir et al. and our group have conrmed that this transfer layer is mainly composed of hydrogenated carbon ions (CH À , CH 2 À , and C 2 H À ) rather than graphite. 15, 30 Therefore, the transfer layer is considered to be a nonstoichiometric hydrocarbon (CH x ), and the C-H bond has a high chemical stability. The C-H bonds of the CH x transfer layer are not believed to break during the friction process. Based on this assumption, the CH x transfer layer has two effects on the friction process. (1) The lower shear stress of the CH x transfer layer effectively prevents direct contact between the lm and its counterpart, further reducing friction. (2) The CH x transfer layer also adsorbs N 2 molecules and forms hydrogen bond-like interactions, which generate dipole and electrostatic repulsion at the friction interface. Both of these effects lead to a very low COF in N 2 gas atmosphere. Unfortunately, it is very difficult to verify these hypotheses using in situ on-line monitoring techniques for gas adsorption and electron interactions at the interface of a-C:H lm. From a tribological perspective, the friction between two surfaces is mainly determined by the chemical and physical interactions between the contacting surfaces and the characteristics and extent of the chemical interactions between the friction interface and the environment.
So theoretical calculations are necessary to understand atomic scale physical and chemical interactions. Molecular dynamics simulations and density functional theory have been broadly applied for tribological studies of carbon-based lms (e.g., diamond, a-C:H, and a-C). [54] [55] [56] [57] [58] [59] However, these studies have mainly focused on the effects of H-passivated and OHpassivated surfaces on the tribological behavior of carbon lms and the theoretical calculation of interactions between carbon lms and counterpart materials. [53] [54] [55] [56] [57] [58] [59] Studies of the effects of gas adsorption on the tribological behavior of carbonbased lms are less common. Wang et al. calculated the effect of O 2 adsorption on the tribological behaviors of diamond and a-C lms using ab initio principles. 59 To the best of our knowledge, no one has determined the effect of gas adsorption on the tribological behavior of a-C:H lm using theoretical calculations.
In this work, diamond was simulated using density functional theory, and the dangling carbon bonds on the diamond surface were saturated with hydrogen to produce a-C:H lm. Base on the model of a-C:H, the model of a-C:H in N 2 gas atmospheres was constructed. The differences in the friction forces were analyzed between two surfaces during self-mated sliding as a function of conguration and interlayer distance. . 6 Generally, a higher sp 3 C-C content produces a harder and more compact lm that has diamond-like macroscopic properties, making it difficult to construct a realistic DLC lm model. Therefore, we constructed the DLC thin lm model using a reasonable reconstruction of diamond. Base on this, we built the a-C:H (Model A, Fig. 4A ). Model A was ipped along its z-axis and re-imported. The distance between the two parts was adjusted along the z-axis. The relative hydrogen-hydrogen distance between the two layers, i.e., the hydrogen-hydrogen internuclear distance, is referred to as d H-H . The interaction model for the hydrogensaturated a-C:H lm was constructed (Fig. 4B) . This model was equivalent to the self-mated sliding of a-C:H lm under ultra-high vacuum. The value of d H-H was maintained between 1.50Å and 4.00Å. This distance range was based on approximate atomic sizes for this chemical structure. Excessively large or short distances would be unreasonable. The calculation produced a similar result, a short distance leads to a sharp rise in energy, while a large distance leads to no signicant change in energy. A step size of 0.10Å was used. The single point energy, E H , of the complex system was calculated at each distance.
The energy difference between the complex system in Model B and the two sub-systems in Model A were expressed as 3.4.2 Model of surface N 2 -adsorbed a-C:H. Using surface hydrogen-saturated Model A (a-C:H) as a basis, N 2 molecules were adsorbed along the vertical hydrogens along the (001) carbon atoms with a nitrogen-nitrogen bond length of 1.10Å. The distance between adjacent N 2 molecules was no less than the sum of the van der Waals radii of the nitrogen atoms (3.10 Å ). Six N 2 molecules were adsorbed. The sum of the radii of the nitrogen and hydrogen atoms (2.75Å) was used as the distance between nitrogen and hydrogen. Only the bond lengths of the N 2 molecules were optimized to obtain the N 2 -adsorbed a-C:H model (Fig. 6A ). The energy of Model C, E c , was obtained using single-point energy calculations. The N 2 -adsorbed complex model is model D (Fig. 6B) , and the relative N-N internuclear distance is referred to as d N-N . The value of d N-N was changed from 3.00Å to 4.80Å with a step size of 0.10Å. The energy at every point of the double-layer complex, E N , was calculated.
The energy differences between Model D and two subsystems of Model C were expressed as Fig. 5B. An increase in d N-N caused the uctuations in DE N to gradually decrease. When d N-N was 3.90Å, DE N reached a minimum of À0.0020 Hartree (À0.0544 eV), indicating that this was the model's most stable congu-ration. The van der Waals radius of nitrogen was 1.55Å, and, therefore, l N-N was 0.80Å.
3.4.3 Surface O 2 -adsorbed a-C:H model. Since O 2 oen participate tribochemical reactions at the interfaces of a-C:H lms during friction processes, we also constructed the models of a-C:H in O 2 atmospheres. Furthermore, uoride is known to be an excellent solid lubricant, F doped a-C:H can improve the lms' tribological properties, so we constructed the model of F doped a-C:H (a-C:F:H).
Since O 2 is a relatively reactive gas molecule, tribochemical reactions occur readily at the surfaces of a-C:H lms during friction processes. 27 If O 2 molecules were directly adsorbed on the surface of a-C:H lm like the N 2 molecules in Model C, the system became very unstable, clearly indicating that O 2 molecules do no directly adsorb on the surface of a-C:H in the same manner as N 2 molecules. Many studies have clearly indicated that contacting a-C:H surfaces are oxidized in an O 2 environment. On this basis, we developed adsorption Model E for a-C:H lm in O 2 environment by saturating the surface with oxygen bridges (C-O-C). We removed the H atoms, which were connected to the C atoms on the (001) plane in Model A. Instead, the oxygen bridge connected these C atoms via single bonds. To generate more reasonable bridging bonds, the single bond length of the reconstructed C-C bonds on the (001) plane were adjusted to 1.53Å, and only the C-O bond length was optimized. The optimized model is shown in Fig. 7A , where the C-O bond length is 1.48Å. The energy of Model F, E f , was obtained with single-point energy calculations. For the interlayer interactions in Model F (Fig. 7B) , d O-O represents the relatively internuclear distance.
The value of d O-O was adjusted from 3.30Å to 5.00Å at a step size of 0.10Å. The single-point energy of the complex system was calculated at each step. The energy difference between Model F and the two sub-systems of Model E is Fig. 5C . At an oxygen internuclear distance of 3.90Å, DE O reached a positive minimum value of 0.0119 Hartree (0.3238 eV). The van der Waals radius of oxygen, r O , is 1.52Å. So the interlayer distance, l O-O , was 0.86Å.
Partially uorine-saturated a-C:H (F-doped a-C:H model).
Fluoride is known to be an excellent solid lubricant. Many researchers have doped a-C:H lms with uorine to improve the lms' tribological properties. 60 In a-C:F:H lm, F directly connects to C to form a covalent C-F bond. On the basis of the surface hydrogen-saturated Model A, Model G, which contained partially uorine-saturated a-C:H, was constructed by substituting the six hydrogen atoms with uorine atoms. Local optimization was applied in the model by xing the other atoms and optimizing the C-H and C-F bond lengths on the (001) plane. The optimized model is shown in Fig. 8A , which contains a C-F bond length of 1.39Å. The energy of Model G, E F , was also calculated.
The uorine-uorine internuclear distance in model G (Fig. 8B) is referred to as d F-F , which was tested in the range from 3.50Å to 5.00Å at a step size of 0.10Å. The energy of the double-layer at each point, E F , was calculated. The energy differences between the complex system in Model H and the two sub-systems of Model G were expressed as Fig. 5D . At d F-F ¼ 4.50Å, DE F reached its minimum value of 0.0018 Hartree (0.0490 eV). Since the van der Waals radius of a uorine atom is 1.47Å, l F-F was 1.56Å.
Discussion
All of the models had larger energy variations within the studied ranges and minimum DE values. The DE min values of Model B and Model D were negative at À0.0223 Hartree and À0.0020 Hartree (À0.6068 eV and À0.0544 eV), respectively, while the DE min values of Models F and H were positive at 0.0018 Hartree and 0.0119 Hartree, (0.0490 eV and 0.3238 eV), respectively. The negative DE min values of the surface hydrogen-saturated and nitrogen-adsorbed a-C:H lms indicated the formation of a double-layered system, which slightly decreased the system's total energy within a certain distance. Nitrogen adsorption can occur on the surface of a-C:H lms in a manner that is consistent with experimental results. However, the formation of double-layered systems in the partially surface oxygen-saturated and uorine-saturated a-C:H lms always increased the system's total energy. These systems did not tend to form double layers. Under these articial arrangements, repulsion reaches a minimum at the distance corresponding to the minimum energy difference. This likely resulted from the ability of O and F to directly bond with the carbon atoms in a-C:H lm, altering the original internal structure of a-C:H and increasing the system's energy.
Charge repulsion is unstable when the same sign exists in all models. Meanwhile, dispersion forces add stability to the systems. However, because oxygen and uorine are more electronegative, they produce stronger inter-layer repulsion, and their instability exceeds their stability. In the other models, there is less repulsion, allowing for a higher stability within a certain interlayer distance, perhaps explaining the positive and negative energy differences in the different models.
As shown in the energy difference curves of the different models, the energy minimums occur at different interlayer distances (Table 2) , resulting in the different interlayer friction behaviours.
When considering friction forces, a greater distance between layers generally results in a weaker friction force. The interlayer friction force of the oxygen-bridged lm is weaker than that of the hydrogen-saturated lm. According to the above results, l X-X follows the order:
The friction force should be inversely proportional to distance, indicating that the environmental atmosphere is the main factor affecting the COF of a-C:H lm. However, the COF of the a-C:H lms in the four models did not follow this simple order. The four models were divided into two categories with Models B, D, and F in one category and Model H in the other. Models B, D, and F involve the self-mated sliding of a-C:H lms in vacuum, nitrogen, and oxygen environments, respectively. Model H is of F-doped a-C:H lm (a-C:F:H). Models D and F also have different surface structures. Oxygen molecules are not adsorbed on the surface of a-C:H lm like nitrogen molecules are, but instead they can be incorporated into the surface of a-C:H as a surface oxygen bridge. In other words, the oxygen molecules oxidize the a-C:H lm. During friction processes in a reactive atmosphere, a-C:H lms inevitably experienced varying extents of oxidation, structural changes, and other tribochemical reactions. 27, 61 In the absence of oxygen, these processes can also occur through the adsorption of water vapor or organic compounds. Oxygen only acts as an oxidant, oxidizing the surface of carbon-based lm, while water vapor (at low humidity) can be adsorbed at the friction interface and act as a molecular lubricant to reduce the solid-solid contact during friction processes. Water vapor at high humidity can lead to oxidation reactions at the interface and even act as an electrolyte to promote electrochemical reactions. 61 Kim et al. reported that oxygen atmosphere had a smaller effect on the tribological behavior of a-C:H lm than did an atmosphere containing water vapor. 10 Although an increase in oxygen pressure increased the COF of a-C:H lm, this increase was smaller than that caused by water vapor. 10 At the same pressure, the COF of a-C:H lm in oxygen atmosphere is lower than that in water vapor. Therefore, although the interlayer distance corresponding to a minimum energy difference in Model F was 0.86Å, which was larger than those of Models A and D, it was not shown that the COF of a-C:H lm in oxygen was lower than that achieved under vacuum or in a nitrogen environment. The reason is that oxidation can lead to structural changes in the surface of the a-C:H lm, affect the formation of a CH x transfer layer and inuence the lm's tribological behavior. To some extent, the calculations in this work reect oxygen's relatively small effect on the tribological behavior of a-C:H lm, which is consistent with experimental results.
As in Models B and D, Model D includes the adsorption of an additional nitrogen layer on the surface of Model B. This adsorbed nitrogen layer does not cause structural changes of the a-C:H lm's surface. Therefore, the calculations for Models B and D can be directly compared. For Model D, the minimum energy difference occurred at an interlayer distance 0.80Å, much greater than the 0.20Å of Model B, indicating that the friction force was signicantly reduced by the adsorbed nitrogen layer. As the calculation results clearly indicated, the COF of a-C:H lm in a nitrogen atmosphere was much lower than that under vacuum, which was consistent with experimental results. 11, 14, 17, [33] [34] [35] [36] 41 Since uorine can form chemical bonds with carbon, the Fdoped a-C:H lm (Model H) approximated the self-mated sliding of a-C:F:H under vacuum. The results indicated that the interlayer distance was 1.56Å when the partially uorine-saturated Model F reached its minimum energy. This was signicantly larger than the interlayer distances at which minimum energy differences were reached by the other three models, indicating that the interlayer friction force of the partially uorine-saturated model was signicantly reduced. These calculation results were expected, because F-doped a-C:H lms have been relatively well studied and many researchers have prepared a variety of a-C:F:H lms with excellent tribological properties. 60 When two a-C:F:H lms come into contact with each other, very strong electrostatic repulsion occurs between the surfaces because of uorine's high electronegativity. Two a-C:F:H surfaces have higher repulsive forces than that of two a-C:H surfaces. In addition, a number of important known uorine-containing compounds, such as polytetrauoroethylene and peruorinated C60, are known to be solid lubricating materials, suggesting that these results are credible and that the conclusions drawn from these theoretical simulations are reasonable.
Conclusions
The present work provides a mechanism to explain the role of N 2 gas in decreases the COF of a-C:H. We explored the tribological behavior of a-C:H lms by accounting for the internal electronic structure of ambient gas molecules, their atomic electronegativity, the surface bonding state of the lms, and the synergistic effects of these factors. Because of the unique electronic structure of the N 2 molecule, which has two lone electron pairs, its lone-pair electrons interact with C-H bonds on the surface of a-C:H lms, forming -C-H/:N^N: interactions that are similar to the hydrogen bonds in water. This causes N 2 to be adsorbed on the lm's surface. As two N 2 adsorbed a-C:H surfaces approach each other, the other lonepair electrons in N 2 become close, generating electrostatic repulsion and resulting in the very low COFs of lms in dry N 2 atmospheres. Meanwhile, Ar molecular contains one Ar atom and has a very stable electron cloud that prevents electronic interactions with the surface of a-C:H lms. This also prevents Ar from adsorbing to the surfaces of a-C:H lms. Under ultrahigh vacuum, the absence of adsorbed gas leads eliminates electrostatic repulsion. Therefore, a-C:H lms under high vacuum and in Ar gas environment have high COFs and short wear lives.
Based on the above analysis, we constructed a-C:H lm using density functional theory. Additional a-C:H models were constructed in different environments, including a-C:H with a surface layer of adsorbed N 2 (to model N 2 gas environment), a-C:H with saturated oxygen-bridges (C-O-C structures) on its surface (to model O 2 gas environment), and partially uorine-saturated a-C:H (to model uorine doped a-C:H lm). From different attributes like conguration and interlayer distance, friction forces were calculated between the two surfaces. These theoretical calculations matched experimental results, indicating that the proposed approach is reasonable. a d X-X is internuclear distance of the nearest two atoms layer, X represent the atomic element symbols; l X-X is the distance between the two layer, l X-X ¼ d X-X À 2r X , r X is the Van der Waals radius of X atom.
